A spirobichroman dianhydride (SBCDA) was prepared through oxidation of an octamethyl spirobichroman (OMSBC), which was synthesized from acid-fragmentation of bisphenol A by 3,4-dimethylphenol, followed by Diels-Alder reaction. The reaction mechanism was proposed, and the optimal reaction conditions were discussed. Based on a high temperature solution polymerization of SBCDA and 4,4 0 -diaminodiphenylmethane (DDM), a spirobichroman-containing polyimide, SBC-DDM, was successfully prepared. Because of the contorted spiro-structure and rigid polymer backbone, SBC-DDM exhibits a large free volume, leading to outstanding organo-solubility and a low dielectric constant. In addition, the resulting film of SBC-DDM shows foldability, a high glass transition temperature, and good thermal stability.
Introduction
Because of the rigid main chain and strong intermolecular interactions, aromatic polyimides (PIs) exhibit many attractive properties, such as outstanding high-temperature stability, [1] [2] [3] good chemical and solvent resistance, 4 and excellent mechanical properties. 4, 5 Based on their advantages, PIs have been applied in electronics, 6, 7 optics, and membranes. 8, 9 However, the rigid chain characteristics of PIs also lead to poor organo-solubility and high melting points, leading to limited processability. Thus, the processing of most commercial PIs was carried out with their precursors, poly(amic acid)s (PAAs), followed by thermal imidization. Unfortunately, it is difficult to store PAAs for a long period of time because of their thermal and hydrolytic instability.
To overcome the limitation of processability, increasing the free volume in PI matrix by introducing bulky groups, and noncoplanar structures into polymer chains has received much attention.
9-11 For example, Liou et al. introduced propellershaped triphenylamine (TPA) structures into polyimide backbones.
12, 13 The non-coplanar TPA units effectively disrupt interchain packing, and the PIs were soluble in many aprotic solvents with good lm-forming capability. In addition, the incorporation of spiroskeletons along the polymer backbones is also regarded as a successful approach to improve the organosolubility without sacricing much in thermal properties due to the non-coplanar and rigid characteristic of spiroskeletons.
14 Thomas et al. prepared an organo-soluble PI (soluble even in chloroform and dichloromethane) based on spirobiuorene diamine. 15 Hsiao et al. extended two kinds of spirobichroman diol (1)-(2) to spirobichroman dietheramines (3)-(4) and dietheranhydride (5), respectively (Scheme 1). [16] [17] [18] Spirobichroman and diether-containing polyetherimides (PEIs) were further prepared, showing excellent organo-solubility.
Generally, increasing the free volume in polymer matrix is also an effective approach for reducing dielectric constant. For example, Nagai et al. prepared 2,2 0 -bis (3,4-dicarboxyphenyl) hexauoropropane dianhydride (6FDA)-based PIs to investigate the relationship of fractional free volume (FFV) and dielectric constant of PIs, concluding that the larger FFV of polymer brought about lower dielectric constant. 19 Zhang et al.
diamine-based polyimide, FPTTPI, containing a large nonplanar conjugated side chain.
20
In addition to the improvement of organo-solubility, the large free volume in FPTTPI lm also led to excellent electrical properties, with a dielectric constant (D k ) of 1.52 at a frequency of 10 kHz.
On the concept of polymers of intrinsic microporosity (PIMs), contorted molecular structures combined with highly rigid polymer backbones can prevent the molecular packing efficiently, leading to larger free volume. 21 Pinnau and Han et al. reported that spiroskeleton-containing polyimides without the presence of exible diether linkage could be prepared from a spiroindane diamine (7), which was synthesized by nitration of spiroindane bisphenol (6), followed by reduction (Scheme 2). 22 Apart from that, the resulting PIs exhibited large FFV (around 0.20), leading to excellent organo-solubility. However, the incorporation of polar hydroxyl groups enhanced the affinity of PIs to water. This would sacrice the dielectric properties. For the purpose of obtaining a high-performance, organo-soluble, and low-dielectric polyimide, we provided a strategy for preparing a less polar spirobichroman dianhydride, SBCDA, for polyimide synthesis (Scheme 2).
The key for successfully synthesizing SBCDA is the derivatization from its precursor, octamethyl spirobichroman (OMSBC, Scheme 2). To the best of our knowledge, OMSBC has not been synthesized. However, the work done by Caruso et al. 23 gives us a light for OMSBC preparation. An acid-fragmentation of bisphenol A (BPA) by a exogenous phenol, such as m-cresol was attempted. 23 The phenol units of BPA were substituted by two exogenous phenols, and a tetramethyl xanthene derivative (see compound 2 in that work) with 72% yield was obtained (Scheme S1 † lists the detailed mechanism for the transformation of compound 2). According to gas chromatography-mass spectrometry (GCMS), a spiroketal compound (see compound 24 in that work) was observed in the initially formed product. Compound 24 afforded tetramethyl xanthene 2 when re-subjected to the reaction conditions. Apparently, compound 24 is a kinetic product for the reaction. To explain the formation of compound 24, a reaction mechanism including the acid fragmentation of BPA and twice Diels-Alder reactions was proposed. 20 However, the optimized reaction condition for compound 24 was not further elaborated. Moreover, spiro compound was not observed from the acid-fragmentation of BPA by 3,4-dimethylphenol. According to researches on DielsAlder reaction, [24] [25] [26] retro Diels-Alder reaction will be occurred at high temperatures. Based on the above, we prepared OMSBC through acid-fragmentation of BPA by 3,4-dimethylphenol at low temperatures (Scheme 3). Aer oxidizing the tetramethyl of OMSBC, followed by condensation of diacid to dianhydride, the spirobichroman dianhydride, SBCDA, was obtained. Through a high temperature solution polymerization of SBCDA and 4,4 0 -diaminodiphenylmethane (DDM), a spirobichromancontaining polyimide, SBC-DDM, was successfully prepared. With the presence of spiroskeletons, rigid backbone, and hydrophobic aliphatic units (chroman and methylene groups), the polyimide, SBC-DDM exhibited outstanding organosolubility and low dielectric constant. Detailed synthesis including optimal reaction conditions, characterizations, and properties were reported.
Experimental

Materials
Bisphenol A (BPA), manganese(II) acetate (Mn(OAc) 2 ), and cobalt(II) acetate (Co(OAc) 2 ) were purchased from Alfa. 3,4-Dimethylphenol and t-butyl cumyl peroxide (TBCP) were purchased from Acros. Sodium bromide (NaBr) and sodium hydroxide (NaOH) were purchased from Showa. Methane sulfonic acid (MSA) and isoquinoline were purchased from Fluka. 4, 4 0 -Diaminodiphenylmethane (DDM) was purchased from Chriskev and recrystallized from methanol. Acetic acid glacial and m-cresol were purchased from Scharlau. All solvents are HPLC grade and were used without any further purication.
Characterization
NMR measurements were performed using a Varian Inova 400 NMR in DMSO-d 6 ) by a Perkin-Elmer Pyris1. Thermomechanical analysis (TMA) was performed with a sample size of 10 mm Â 5 mm using a SII TMA/SS6100. The analysis was performed at a heating rate of 5 C min À1 from 40 to 350 C without N 2 or air ow.
The coefficient of thermal expansion (CTE) was recorded from the second-run in three kinds of temperature ranges. IR spectra were obtained from at least 32 scans in the standard wavenumber range of 650-4000 cm À1 using a PerkinElmer RX1 infrared spectrophotometer. Gel permeation chromatography (GPC) was carried out on a Hitachi LaChrom Elite using Nmethyl-2-pyrrolidone (NMP) as the eluent at 60 C with a ow rate of 0.6 mL min À1 . The molecular weights were calibrated with polystyrene standard. Elemental analysis was performed on an Elementar Vario EL III (CHN-OS Rapid, German). The accuracy and precision of this instrument are 0.1% and 0.2%, respectively. Acetanilide and benzoic acid were used as standards and the data of them as follows: N 10.36%, C 71.09%, H 6.71% for acetanilide; O 26.20% for benzoic acid. The X-ray crystallographic data were collected on a Bruker D8 VENTURE. High resolution mass (HRMS) measurements were performed by a Finnigan/Thermo Quest MAT 95XL mass spectrometer by electron impact ionization. The dielectric constant of the polymer lm was measured without any preprocess at a frequency of 100 MHz and 1 GHz, using Agilent E4991A RF impedance/material analyzer with a sample size of 1 cm Â 1 cm Â 150 mm. Experimental data was obtained from at least 5 times for each test.
Synthesis of octamethyl spirobichroman (OMSBC)
BPA 20.60 g (0.09 mol) and 3,4-dimethylphenol 77.14 g (0.63 mol) were introduced into a 500 mL round-bottom glass ask equipped with a nitrogen inlet, and a magnetic stirrer. The reaction mixture was stirred continuously at 80 C until the reagents melted completely. MSA 4.12 g (20 wt% based on BPA) was then added to the reaction mixture, which was further stirred at 80 C for 4 h. Subsequently, the reaction temperature was cooled to room temperature. The mixture was dissolved in toluene, washed with 10 wt% NaOH solution, and rinsed with water. Toluene was removed using a rotary evaporator and then the crude product was washed with hot methanol to remove xanthene derivatives (will be discussed in 3.1). The puried product was collected by ltration and dried in vacuum at 60 C.
White powders (20% yield) were obtained with a melting point of 180 C. HR-MS (EI) m/z: calcd for C 25 
Synthesis of spirobichroman dianhydride (SBCDA)
To a Parr reactor equipped with a oxygen inlet, OMSBC 5.00 g (0.014 mol), Mn(OAc) 2 0.10 g, Co(OAc) 2 0.10 g, NaBr 0.10 g, TBCP 0.20 g, and acetic anhydride 40 mL were added. Aer the reaction system was purged with oxygen eight times, the pressure of the Parr reactor was kept at 250-300 psi under oxygen atmosphere. The reaction mixture was stirred at 170-180 C for 11 h. Aer the reaction was complete and the reactor was cooled to room temperature, the solution was ltered. The ltrate was poured into 500 mL water and ltered again. The raw product was reuxed in acetic anhydride for 5 h. Aer cooling to room temperature, the crystalline product was ltered and dried in vacuum at 80 C. Yellow green crystals (11% yield) were ob- 
Preparation of the polyimide lm
A solution of the polymer was prepared by dissolving 0.4 g of SBC-DDM in 2 mL of NMP. The homogeneous solution was cast onto a glass substrate and heated in an oven at 80 C for 12 h to remove most of the solvent; then the semi-dried lm was further dried in vacuum at 100 C (1 h), followed by 200 C (1 h).
An automatic lm applicator BRAIVE/B-4300 was used for coating procedure. The solution was cast on glass by setting a controlling gap thickness of 200 mm. The resulting thin lm was around 10 mm thick and sectioned to controlled geometries for TMA and dielectric measurement.
Results and discussion
Synthesis of OMSBC
To prepare OMSBC, the acid-fragmentation of BPA by 3,4-dimethylphenol was performed at various reaction conditions (Table 1 ).
Firstly, we followed Caruso's work, 23 using 100 C as reaction temperature. But a xanthene derivative, X-2 (the structure was shown in Scheme 3), was the only product (Run 1). The assignment in 1 H NMR spectrum (Fig. S1 , ESI †) supports the structure of X-2. Based on the mechanism reported by Caruso et al., 23 we proposed a possible mechanism as shown in Scheme 3. Initially, the acid fragmentation of BPA by 3,4-dimethylphenol leads to 2-isopropenylene-4,5-dimethylphenol (1b). Two possible routes for further reactions of (1b) were proposed. Route a explains the formation of X-2, while Route b explains the formation of OMSBC. In Route a, an electrophilic substitution between 3,4-dimethylphenol and (1b) occurred, leading to the formation of X-2. On the concept of this mechanism, we reduced the amount of 3,4-dimethylphenol to decrease the probability of electrophilic addition between (1b) and 3,4-dimethylphenol, avoiding the formation of X-2. However, the results of both entries are the same as that of Run 1 (only xanthene X-2 was obtained in Run 2-3). Changing the ratio of BPA/3,4-dimethylphenol has no effect on the outcome of products. Furthermore, we reduced reaction temperature to 80 C, leading to a mixture of OMSBC and X-2. The result agrees with our speculation that a high temperature reaction conditions favors X-2, while low temperature reaction condition leads to the formation of OMSBC. The yield of OMSBC was improved by reducing the amount of 3,4-dimethylphenol added to the reaction. However, the yield was decreased when much less amount of 3,4-dimethylphenol was added to the reaction. Therefore, a highest isolated yield occurred in Run 6 was established. We suggest that the formation of the key intermediate (1b) became more difficult in Run 7, leading to the reduced yield of OMSBC. The 1 H-NMR spectrum of OMSBC was shown in Fig. 1(a) , and the assignment supports its structure. In Route b, a Diels-Alder reaction between (1b) and its tautomer (1b 0 ) leads to (2b). Then, a presumed chroman (3b) would be generated by leaving one 3,4-dimethylphenol. Chroman (3b) acts as a dienophile for the second Diels-Alder reaction with (1b 0 ), leading to the formation of OMSBC. Since high temperatures favor retro Diels-Alder reaction, Route b is not a preferred route at high temperatures. This mechanism explains the result in Table 1 that reacting at above 100 C leads to only X-2, while reacting at 80 C leads to mixture of X-2 and OMSBC. However, an attempt to enhance the yield of OMSBC via further reducing the reaction temperature to 60 C was failed due to the fact that the melting point of 3,4-dimethylphenol was 68 C.
To discuss the inuence of reaction time, we used the best reaction condition in Table 1 for OMSBC synthesis aer 24 h and 48 h of reaction, respectively. The benzene signals of OMSBC at 7.1 and 6.3 ppm decreased; on the other hand, the benzene signals of X-2 at 7.2 and 6.8 ppm increased with increasing reaction time. This implies that retro Diels-Alder reaction still occurred in the presence of acid catalyst at low temperatures (80 C), leading to the transformation of OMSBC to X-2. Scheme S2 † shows the proposed mechanism on retro Diels-Alder reaction of OMSBC in the presence of methanesulfonic acid (MsOH). The rst retro Diels-Alder reaction was initiated by protonation on the oxygen of OMSBC and releasing of (1b 0 ), leading to the formation of intermediate (3b). Subsequently, the intermediate (2b) was generated by acid-catalyzed electrophilic addition of (3b) with 3,4-dimethylphenol. Aer protonation on the oxygen of (2b), the second retro Diels-Alder reaction was carried out, leading to the formation of (1b) and its tautomer (1b 0 ).
To avoid the retro Diels-Alder reaction, we shortened the reaction time and further monitored the reaction by 1 H NMR trace (Fig. S3 †) . The benzene signals of OMSBC at 7.1 and 6.3 ppm were observed aer 1 h, and reached a maximum aer 4 h. Aer that, the benzene signals slightly decreased, and the impurity signals (around 6-7 ppm in Fig. S3 †) increased with increasing reaction time, demonstrating that the retro DielsAlder reaction occurred aer 5 h. Aer optimizing the reaction conditions, a maximum yield around 20% of synthesizing OMSBC was achieved in this work.
Synthesis of SBCDA
As shown in Scheme 4, a spirobichroman dianhydride (SBCDA) was prepared by the oxidation of the ortho-dimethyl groups of OMSBC, followed by chemical cyclodehydration with acetic anhydride. As mentioned earlier, retro Diels-Alder reaction of OMSBC would occur in the presence of acid catalyst (Scheme S2 †). Therefore, acetic anhydride was used as solvent for the oxidation procedure instead of acetic acid. 27, 28 Experimental data show that the methyl groups of OMSBC were transferred to carboxylic acids incompletely under standard pressure. Fig. 1(b) shows 1 H NMR spectrum of SBCDA. As compared with the spectrum of OMSBC, the characteristic peaks of benzene shied from 7.1 to 8.3 ppm and 6.3 to 7.3 ppm. The chemical shis are more downeld due to the formation of carbonyl groups, which exhibit strong electron-withdrawing characteristic. In addition, the characteristic peaks of methyl group on benzene disappeared in Fig. 1(b) , conrming the structure of SBCDA. The structural conguration of SBCDA was conrmed by single crystal diffractogram, as shown in Fig. 3 . The detailed diffraction data of SBCDA is listed in Tables S1-S5 (ESI †). As seen in Fig. 3 , the non-coplanar SBCDA compound provides a site of contortion due to the presence of spirobichroman unit, demonstrating that the molecular packing of its derived polymers can be restricted. 21, 22 The spectroscopic data in Fig. 1 -3 support the synthesis of SBCDA through the high-temperature (170-180 C) and high-pressure (250-300 psi) procedure.
Polyimide synthesis SBC-DDM was prepared by the one-pot, high temperature solution polymerization of SBCDA with 4,4 0 -diaminodiphenylmethane (DDM) in m-cresol in the presence of isoquinoline (Scheme 4). Aer reaction was completed, the polymer solution became highly viscous and ber-like product could be precipitated in methanol. Due to the outstanding organo-solubility (to be discussed later), SBC-DDM can be dissolved in CDCl 3 for 1 H NMR spectroscopic analysis (Fig. 4) . The assignment of each peak is detailed in the gure, conrming the structure of SBC-DDM. GPC data of SBC-DDM was measured using N-methyl-2-pyrrolidinone (NMP) as eluent. The number-average molecular weight (M n ) and weight-average molecular weight (M w ) are 7.0 Â 10 4 and 17.2 Â 10 4 g mol À1 , respectively. Fig. 5 shows the photos of SBC-DDM lm via solution casting. As seen in the gure, the transparent and foldable lm further supports the high molecular weight of SBC-DDM.
Physical and electric properties
The fractional free volume (FFV) was calculated by using the following relationship:
where V is the molar volume (cm 3 mol À1 ) of the polymer, M is the molar mass (g mol À1 ) of the polymer, and r is the density (g cm À3 ) of the polymer, which was measured experimentally (determined by measurements of the weight in air and in deionized water). V w is the van der Waals volume (cm 3 mol À1 ) of polymer. According to literature, 29-31 V w is oen calculated from Bondi's group contribution method. [32] [33] [34] However, it is very time-consuming and easy to make a miscalculation for complex compounds. To simplify the calculation of V w , a fast method has been reported by Abraham.
35 Eqn (3) based on Bondi radii was used to calculate V w in this work:
where N is the total number of atoms, R A and R NA are the number of aromatic and nonaromatic rings, respectively. All atomic volume contributions are referred to literature 35 (see Table 2 The solubility properties of SBC-DDM are listed in Table 3 . Owing to the large FFV, SBC-DDM exhibited outstanding organo-solubility. Different from many organo-soluble polyimides, SBC-DDM can be more easily dissolved in borderline polar and nonpolar aprotic solvents such as THF, CHCl 3 and CH 2 Cl 2 than in polar aprotic solvents (such as DMF and DMSO). This is due to the incorporation of hydrophobic chroman and methylene units in SBC-DDM. When compared with the diether and spirobichroman-containing polyetherimide 7f (the structure is shown in Table 3) , 16 diether-free SBC-DDM exhibits superior organo-solubility (Table 3) .
To study the inuence of conformational changes in polymers, molecular modeling analysis of SBC-DDM with two spirobichroman units were performed by using ChemBio3D Ultra soware as shown in Fig. 6 . It is postulated that the rigid backbone combined with the contorted spiro-structure in SBC-DDM prevent an efficient packing and entanglement in polymer chain, contributing to the organo-solubility.
The dielectric constant of SBC-DDM was 2.451 AE 0.001 and 2.342 AE 0.001 at a frequency of 100 MHz and 1 GHz, respectively. Owing to the large FFV and hydrophobic aliphatic structures, SBC-DDM exhibited much lower dielectric constant than did PMDA-ODA (around 3.1-3.5), 36 showing the low dielectric characteristic. As a result, the introduction of spiroskeleons into rigid polymer backbone is benecial to increase the free volume in polymer matrix, improve the organosolubility and reduce dielectric constant. is 235 C, 16 demonstrating that the higher rigidity of diether-free SBC-DDM contributes to the improved thermal properties. The coefficient of thermal expansion (CTE) of SBC-DDM in the temperature range of 50-150 C is around 41 ppm C À1 , suggesting a remarkable dimensional stability at low temperature. However, the CTE decreased to a negative value (À130 ppm C
Thermal properties
À1
) in the temperature range of 200-300 C. According to Hasegawa's report, 37 we suggested that the high rigidity backbone and contorted spiro-structure in SBC-DDM contributes to a high level of in-plane orientation of PI main chains and a decrease in crystallinity, leading to thermal contraction in SBC-DDM. Furthermore, the CTE value increased rapidly with further increasing temperature due to the soening of the polyimide lm under the tension mode. The 10 wt% . Fig. 6 Molecular models of SBC-DDM as calculated with energy minimization.
decomposition temperature (T d10 ) in air atmosphere (467 C) is higher than in a nitrogen atmosphere (457 C) because of the oxidation of aliphatic segments as reported in literature. 16 As compared with the T d10 of referenced PEI 7f (457 and 454 C in air and N 2 , respectively), 16 SBC-DDM exhibits somewhat better thermal stability due to the absence of diether linkage. In addition, the char yield of SBC-DDM at 800 C in a nitrogen atmosphere is around 38%, which is similar to that of 7f (41%). 16 Indeed, SBC-DDM exhibits good thermal stability, suggesting that the spirobichroman unit is stable at high temperatures without the presence of acid catalyst.
Conclusions
We have successfully synthesized an octamethyl spirobichroman (OMSBC) through the acid-fragmentation of BPA by 3,4-dimethylphenol. The synthesis is sensitive to the reaction temperatures. A reaction mechanism was proposed in Scheme 1 to explain the fact that reacting at above 100 C leads to only X-2, while reacting at 80 C leads to mixture of X-2 and OMSBC.
Through high pressure oxidation of OMSBC at high temperatures, a spirobichroman dianhydride (SBCDA) was newly developed. SBCDA was used to prepare a high performance polyimide (SBC-DDM) by a high temperature solution polymerization with DDM. Aer solution casting, a transparent and foldable lm was obtained. Due to the contorted spirobichroman units leading to large free volume (Table 2) , the polyimide, SBC-DDM possessed outstanding organo-solubility (Table 3) and a low-dielectric constant (2.34 at 1 GHz). SBC-DDM exhibits much higher thermal properties (Fig. 7) than did a spirobichroman dietheranhydride-based polyetherimide (7f in Hsiao's work 16 ). The combination of organosolubility, high-T g and low-dielectric properties make SBC-DDM attractive for electronic applications.
